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1 16. Abstract 
~ _ _ I  
Under c e y t a i n  o p e r a t i n g  c o n d i t i o n s  t h e  He-Ne laser  e x h i b i t s  low 
f requency   (103-106Hz)   f luc tua t ions  i n  t h e  o u t p u t   i n t e n s i t y   w h i c h  are 
r e l a t e d   t o   f l u c t u a t i o n s  i n  t h e  d i s c h a r g e   p l a s m a .   T h e s e   f l u c t u a t i o n s  
have  been  t e rmed  "excess"  no i se  and  have  typ ica l  magn i tudes  of 3 p e r  
c e n t  of t h e   d c  laser o u t p u t .  T h i s  r e s e a r c h  has d e a l t  w i t h  r e d u c t i o n  
of  t hese  f l u c t u a t i o n s  b y  n e g a t i v e  f e e d b a c k  a n d  i n v e s t i g a t i o n  o f  t h e  
noise   genera t ing   mechanisms i n  t h e  plasma. Maximum n o i s e   r e d u c t i o n  
f a c t o r s  f o r  c u r r e n t .  a n d  l i g h t  l e d  t o  t h e  more b a s i c  s t u d y  o f  t h e  n o i s e  
genera t ing  mechanisms.  
E x p e r i m e n t s  w e r e  p e r f o r m e d  u s i n g  s e v e r a l  d i s c h a r g e  t u b e  c o n f i g u r -  
a t i o n s -  t o  d e t e r m i n e  i f  a p a r t i c u l a r  r e g i o n  o f  t h e  d i s c h a r g e  w a s  of 
pr ime  importance i n  d e t e r m i n i n g   n o i s e   c h a r a c t e r i s t i c s .  A l l  of  t h e  d a t a  
t h a t  w e r e  o b t a i n e d  i n d i c a t e d  that  t h e  p o s i t i v e  column was t h e  most i m -  
p o r t a n t   r e g i o n .  The t h r e s h o l d   c u r r e n t   f o r   o n s e t   o f   n o i s e  w a s  found 
t o  obey a r e l a t i o n s h i p  of t h e  form I t h  = De-FP  , w h e r e  D and 6 are 
c o n s t a n t s  and p is t h e   t o t a l   g a s   p r e s s u r e .  I t  was a l s o   f o u n d  t h a t  t h e  
r e l a t i v e  m o t i o n  of t h e  i o n s  and e l e c t r o n s  d u e  t o  t h e i r  d r i f t  v e l o c i t i e s  
was o f   t h e   p r o p e r   m a g n i t u d e   t o   e x c i t e   i o n i c   s o u n d .   H o w e v e r , . t h e   c o n -  
t r o l l i n g ;  f a c t o r  i n  d e t e r m i n i n g  t h e  o n s e t  o f  n o i s e  w a s  f o u n d  t o  b e  t h e  
Debye l e n g t h  i n  t h e  p o s i t i v e  column. 
The u t i l i t y  and  necess i ty  o f  t h i s  research w a s  i l l u s t r a t e d  
t h r o u g h  s e v e r a l  d e s i g n  e x a m p l e s .  
17. Key Vords (SeSected by Author( s) ) 18. Distribution Statement 
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CHAPTER  I 
INTRODUCTION 
" 
If the output  intensity  of  a  continuously  operating 
plasma  laser is examined  carefully,  a  wide  variety of fluc- 
tuations  may  be  observed. The fluctuations  may  be  broadly 
categorized  as  short  term or long  term. Long term  fluctua- 
tions  with  periods  greater  than 1 second  can  be  attributed 
to gradual  variations  in  the  engineering  parameters  of  the 
laser  such  as  alignment  and  cleanliness  of  optical  elements 
or  contamination of the  parent  gas. 
This research  is  concerned  with  short  term  fluctua- 
tions  with  periods  less  than 1 second  and  which  may be  in- 
herently  associated  with  the  laser  itself  and not with  ex- 
ternal  environmental  conditions  such as power  supply  ripple 
and  noise  or  acoustic  vibrations  of  the  laser  optical  com- 
ponents. The designation  short  term  is  hereafter  understood 
for  the  research on intensity  fluctuations  reported  herein. 
The first  reported  measurements  of  intensity  fluc- 
tuations  in the He-Me  laser  were  reported  by  Bolwijn, 
Alkemade  and  Boschloo [l] . These  authors  attributed  the 
"excess"  noise  found to the  interaction of the  several  laser 
modes  that were operating  simultaneously  in  their  laser. 
1 
'Numbers in brackets  refer to similarly  numbered 
references  in the bibliography. 
1 
Th'e term  excess noise was  used  because  the noise observed 
in  the  photodetector  output was several orders of  magnitude 
larger  than  the expected, irreducible, shot noise. 
Prescott and van der Ziel [ 2 ,  31 reported  measure- 
ments  in  which  the  correlation  between  laser  light  noise 
and discharge current noise  was  measured.  These  measure- 
ments  showed a high  degree of correlation  between  the two 
noise  signals.  Introducing  losses  into  the  cavity so that 
lasing  did  not  occur  showed  that  the  discharge  current  noise 
was  not  affected.  This  led  them to the  conclusion  that 
noise  in  the  discharge  was  causing  noise  in  the lig t. 
Several  other  researchers [ 4 ,  5, 61  have  verified  these 
rssults and conclusions. A literature  search  has  provided 
the  following  information  concerning  intensity  noise  in 
plasma  lasers: 
1. 
2. 
Numerical  values  of  the  intensity  noise show 
magnitudes  as  large  as  105-107 times that of 
the  shot  noise of the  photodetector [ 7 ]  or as 
large  as 20 per cent of  the  dc  level  of  the 
laser  output [ 8  1 . 
The  noise  occurs  in dc excited  lasers  (both 
cold  and  hot  cathode  types),  but  not  in RF 
excited  lasers 191. It  is  not  present  under 
all  operating  conditions  in dc  excited  lasers 
[7, 93. No experimental data are given, but 
Bloom [ 8 1  observed a threshold  current  for 
2 
noise to appear and also noted  that  high  pres- 
sure, high current operating  conditions led  to 
noisy  operation. 
3 .  The  spectrum  of  the  noise  reported  in  the  lit- 
erature varies, but  is  typically "flat" from 
1 kHz-10 kHz with a break  occurring  before 
100 kHz and  rapid  decay to shot  noise  level 
above 100 kHz.  In  some  instances [3, 7, 101, 
resonant  peaks  with  frequencies  between 10 kHz- 
100 kHz have  been  reported.  Prescott and 
van  der Ziel [3]  found  these  resonant  peaks 
only  in  the current noise  spectrum  whereas 
Bolwijn  [7]  and  Hodara et.  al. [lo] found  them 
in  both  light and  current. 
4. No specific  study  has  been  reported  which 
sought to explain  the  origin of the  noise. 
However, the  literature  is  not  devoid of specu- 
lation. Bloom [ 8 1  suggested  that  noise  is  the 
result of random  acoustic  oscillations  ampli- 
fied  by  the  negative  resistance  characteristic 
of  the  discharge.  He  later ' [ 1 1 1  proposed  that 
Ingard's  theory [12, 131 for  acoustic  wave 
amplification  might be applicable to the  prob- 
lem. Prescott  and  van  der  Ziel [3] suggested 
that  it  might  be due to generation-recombina- 
tion  noise  as  discussed  by  Hanson [14]. 
3 
However, a recent article  by  Hanson 1151 states 
that his work dealt with a “relatively quiet 
plasma. ” 
5. It has been  pointed out that noise  which  is  not 
essential for maintainence  of a discharge  should 
be reducible 1161. 
6. Noise  reduction  in  discharges and lasers  has 
been  attempted  using  three  methods. 
a. Cobine  and  Gallagher  [17]  investigated  the 
effect  of a magnetic  field  near  the  cathode 
upon  noise  in a hot cathode mercury  arc  and 
achieved  approximately  20 dB noise  reduc- 
tion.  Konjevic’  and  Hearne  [18]  extended 
tnis  technique to a hot  cathode  He-Ne  laser. 
With  an  inhomogeneous  field  of  about 50 G, 
they  reduced  the  noise  amplitude by a factor 
of 10-15. 
b. Crawford 1191 used  an  auxiliary  electrode 
in  the  cathode  region  in a mercury  discharge. 
He  achieved 40 dB of noise  reduction  in a 
small  range of discharge and  auxiliary  cur- 
rents. 
c. Forgd and  Strutt  [61  used an  external KDP 
modulator  driven by a voltage  proportional 
to current  noise to cancel  noise  in  the 
laser  beam. They  achieved a noise  reduction 
factor  in  the  beam of about 20. 
4 
7. Hansen,  Rodgers  and Thomas [ 2 0 ]  used  feedback 
from  laser  light to laser current to reduce  low 
frequency (0-200 Hz)  fluctuations in the o.utput 
intensity. The sources  of  these  fluctuations 
were external to the plasma.  They  used  approx- 
imately 60 dB of feedback  and  expected  noise 
reduction  factors of 10 . Actual  performance 
gave  reduction  factors of 100 over  a  period  of 
30 seconds  and 30 over a  period  of 2 4  minutes. 
The research  reported  herein  originated as part  of 
3 
a  University of Tennessee  Space  Institute  program  for  space 
qualification  of  a  laser  for a deep space  communication  sys- 
tem. This research was funded  by  the  National  Aeronautics 
and  Space  Administration,  Electronics  Research  Center  and 
by  the  National  Science Foundation, Engineering  Division. 
The early  part of the  research was devoted  to  study of the 
reduction  of  laser  noise  by  using  conventional  feedback 
techniques. The limited  success of this  effort led natu- 
rally to a more  basic  study  of  the  noise  generating  mecha- 
nisms.  In  pursuing this goal,  a  large  amount  of  data  use- 
ful in designing  a  laser  with  minimum  noise  has  been  accu- 
mulated. 
The research is reported  in  the  chronological  order 
in which the work was done.  Chapter  I1  reports  the  results 
of applying  negative  feedback to reduce  the  noise.  Chapter 
I11 gives experimental data pertaining to noise  generation 
5 
and  a  qualitative  interpretation of these data. Chapter  IV 
gives  some  examples  utilizing  the  results of Chapters  I1 
and 111. Chapter V gives  a  summary  and  conclusions of the 
work. 
6 
CHAPTER I1 
LASER  NOISE  REDUCTION  VIA  NEGATIVE  FEEDBACK 
Prescott  and van der Ziel [2., 31 and others [5 ,  61 
established that strong  correlation  exists  between  noise  in 
the discharge current and  noise  in the coherent  emission  of 
a He-Ne  laser.  Prescott  and  van der Ziel  further  showed 
that introducing  losses  into  the  cavity  such  that  lasing 
action  could not occur caused no appreciable  change in cur- 
rent noise;  their  conclusion  was  that  noise  in  the  current 
causes  noise  in the light.  If  this  conclusion  is correct, 
it  naturally  follows  that  reduction  of  current  noise  should 
give  reduction  of  light  noise. 
The  concept  of  using  negative  feedback  for  current 
noise  reduction  was  pursued  initially  using  an  analog cir- 
cuit with a voltage  regulator  tube  replacing  the  plasma 
tube. Demonstration  of  the  feasibility of reduction  of 
glow  discharge current noise  was  accomplished [21]. Section 
I of this  chapter  presents  this  technique  and  its  results 
when  applied to the  laser. 
Negative  feedback  can  also be  used to reduce  noise 
in  the  light  by  taking a signal  proportional to light  noise 
and  using  this to control the  current.  This  technique  may 
be  used  because  laser  output  power  and  dc  operating  current 
are  typically  related  as  shown  by  Figure 1. Section  I1 of 
7 
p = 2.75 Torr 
R = 40 cm 
d = 3.0 mm 
He:Ne = 4:l 
I 
0 2 4 6 8 1 0  1 2  1 4  1 6  1 8  2 0   2 2   2 4  
Figure 1. Relative  output  power of €!e-Ne laser  as a function of discharge 
current. 
this chapter  presents  techniques  for  light-current  feedback 
and  its  results when applied to the laser. 
Prior to presentation of the  feedback details, a 
general description  of the experimental  arrangement  appli- 
cable to both types of feedback  is now given. Figure 2 
shows  a  schematic diagram of the  system. The Vac-Ion  Model 
911-5014  vacuum  pump  allowed  a base pressure of lo-.’ Torr 
to be  attained  in the system  before  filling  with  the 80% 
He-20%  Ne  mixture.  A  Hastings  Model  SP-1s  thermocouple 
gauge was used to monitor  the total pressure of the gas. 
Noise  spectrum  measurements  were  made  with  a  Tektronix 
Model  1L5  spectrum  analyzer.  Laser  operating current IL 
was  measured  with  a  Hewlett-Packard  Model  412-A  voltmeter 
connected across a 100 ohm resistor  in series with  the 
discharge. 
The plasma tube was constructed of Pyrex using  con- 
ventional  techniques. It had  an  active  length  of 40 cm and 
a  bore of 3 mm. The external  mirrors  which  formed  the  op- 
tical  cavity  had  reflectivities of 99.95 per cent and 99.1 
per  cent,.  Inexpensive Pyrex Brewster angles terminated  the 
plasma  tube.  Additional  details  for  laser  construction can 
be  found  in the literature [22, 231. 
I. CURRENT FEEDBACK 
As noted  in the introduction to this chapter the 
feasibility of reducing  noise  in the current of a  glow 
9 
CL 
0 
Lite-Mike 
Vac-Ion 
Pump 
Plechanical 
Forepump 
Figure 2. System  diagram  showing  details of vacuum and instrumentation 
apparatus. 
discharge was studied  using  a  voltage  regulator  tube  analog 
[21]. It was found in that  study that a  simple,  linear, 
lumped-parameter  equivalent  circuit  could  be  used to predict 
the  stability  performance  of the closed-loop  system.  Re- 
duction of the current noise  by a factor of seven was 
achieved.  When the gain was increased  beyond  the  point  of 
stability, the system  oscillated at approximately 2 MHz. A 
large  amount  of shot noise in the photomultiplier  prevented 
obtaining  any data on the effects of this reduction on 
fluctuations in the light. 
The success  of  the  analog  scheme  justified  the  ap- 
plication  of  this  technique to the  laser. It was known 
that  the  parameters of the  equivalent  circuit  would  be  dif- 
ferent  due to the longer  positive column, different  gases 
used,  and  the  grossly  different  geometry of the  laser  plasma 
tube. 
Figure 3 shows  the  schematic  diagram of the  current 
feedback  system.  A  signal  proportional  to the discharge 
current was used  to  control  the  current. The idea  of  using 
a  shunt  control  element  for  controlling  the  laser  operation 
was studied  by  Shofner [ 2 4 1  . 
In  order to predict  the  magnitude of noise  reduc- 
tion  and  relative  stability  of  the  circuit,  a  small-signal 
equivalent circuit for  the  discharge was necessary.  An  ap- 
proach  suggested in the literature [ 2 5 ]  for  determining  this 
circuit was to measure  the  impedance  versus  frequency 
11 
Figure 3. Schematic  diagram of current  feedback 
system. 
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characteristic  for  the  discharge and then  synthesize an 
equivalent  lumped-parameter  network  that  would  give  the 
same impedance  curve.  Knowledge  of the plasma  conditions 
would  enable one to make a qualitative  identification  of 
the lumped-parameter  components  with  processes that occur 
in  the  discharge. 
The impedance  versus  frequency data were  obtained 
using  the circuit arrangement  shown  in  Figure 3 by  opening 
the  feedback  loop  and  using a variable  frequency  oscillator 
to drive the  pentode  which  in  turn  modulated  the  current  in 
the  laser. This ac  current i was  measured by measuring 
the  voltage  across  resistor Ro which was chosen  to  be  much 
less  than th; impedance of the  laser  tube.  Measurement of 
L 
the  ac  voltage v across the  discharge  permitted  calculation 
of the  magnitude  of  the  impedance Z where I Z  I = -. 
The experimental data are  plotted  in  Figure 4. 
V 
eq  eq iL 
It  must  be  mentioned  that  the  values  plotted  are 
for  the  discharge  operating  at a total  pressure p = 1.4 Torr 
rather  than  at 2.75 Torr, which was the  pressure at which 
the  noise  reduction  was  attempted. The plasma  noise  at 
2.75 Torr  made  measurement  of  impedance  extremely  difficult 
except  with a spectrum  analyzer.  The  only  instrument of 
this  type  available was a Tektronix  Model 1L5 plug-in  ana- 
lyzer  which  could not take  signals  with  frequencies  greater 
than 1 MHz. Using  this  instrument  impedances at lower  fre- 
quencies  were  measured  in  the  noisy case and  compared  with 
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Figure 4. Impedance  curves and equivalent  circuit for the discharge. 
values  measured  in the non-noisy  case.  Comparison  between 
these  values  showed  that  the  impedance at 2.75 Torr is about 
15 per cent higher  than at 1.4 Torr. This is due to an in- 
crease in the axial  electric  field  necessary to maintain  the 
discharge 126, page 2471. It  was also  expected  that  the 
resonant  frequency  would  be  lower in the 2.75 Torr case due 
to  decrease in the cathode-fall  thickness [ 2 7 ,  pages  92-931. 
However, it was not expected that these  differences 
would  greatly  change  the  operation f the feedback  loop. 
Thus it was assumed  that  a  model  which  adequately  predicts 
stability at 1.4 Torr would  give  a  reasonable  indication f
performance at 2.75 Torr. 
The form  of  the  impedance curve in  Figure 4 is  that 
of a  parallel  R-L-C  network. Figure 4 also  shows  a  possible 
equivalent circuit which  has  been  suggested  in  the  litera- 
ture [251 to  describe glow discharge  tubes  of  the  voltage 
regulator  type.  In  this circuit r  corresponds to the  slope 
of  the  voltage-current  characteristic, R is a  damping  term 
related  to  collisions  between  ions  and  neutrals  in the 
cathode-fall  region  [28],  C is the capacitance of the  cath- 
ode-fall  region  (C  is of the  order  of - [ 291 , where A is 
the  discharge area, E the  permittivity  of  free space, and 
d  is the thickness of the cathode-fall  region),  and L is 
related to  "vx-ious delay  phenomena"  in  the  discharge [30]. 
d 
r was determined  experimentally  from  the low fre- 
quency  resistance  and was found  to  be (-10 ) ohms. 4 
15 
(r+R) is approximately  the  resistance at resonance;  there- 
fore, R was taken to be 110 kilohms.  Order of magnitude 
calculation  for C showed  that it should  be  about 1 pF. L 
can be determined  from the experimental resonant frequency 
and C. Several  trial  calculations were made to determine 
values  of C and L that  would  give  the  best fit to the curve. 
Values  of C = 0.5 pF and L = 9.75 mH were  found  to  he  satis- 
factory.  It can be  seen  from  Figure 4, page  14,that  the 
difference  between  measured  and  calculated  impedance  is  of 
the  order  of 30 per cent in the intermediate  frequency 
range. The error is essentially  zero at the low  and  high 
frequency  ranges.  It was  known that  this  discrepancy  would 
introduce  some  error  into  the  calculated  circuit  stability 
and  noise  reduction.  It was assumed  that  if  current  feed- 
back  proved  promising  for  laser  noise  reduction,  then  a 
more  accurate  model  for  the  discharge  could  be  obtained 
with  considerable  effort. 
The  calculation  of  noise  reduction  and  relative 
stability was accomplished  using  the  equivalent  circuit 
shown  in  Figure 5. In the analysis  the  following  assump- 
tions  were  made: 
1. The pentode  plate  resistance  r  can  be  neglected. 
2. The voltage  transfer  function  of  the  feedback 
P 
amplifier  can  be  defined by
Km 
K =  (11-1) 
+ 
Figure 5. Small-signal  equivalent  circuit 
stability  and  noise  reduction  calculations. 
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Km is  the  mid-frequency  gain  of  the  amplifier 
and T~ and T~ represent  upper  cutoff  frequencies 
of  the  amplifier. 
3 .  The input  resistance of the  amplifier  is  large 
compared  with Ro. 
4. In represents  the  equivalent  noise  current  gen- 
erator  of  the  discharge. 
For  these  conditions  the  open-loop  transfer  function G is 
i L RS G = - -  - (11-2) 
The  discharge  equivalent  impedance Z is  determined  from 
Figure 4 ,  page 14,to be 
eq 
Rr 
(r+R) L 1 s +  = -  (11-3) 
eq [s2 + s +  R l  
(r+R) C LC (r+R) 
Combining  Equations (11-2) and (11-3) gives 
s2 + S B 
(r+R) C LC 
+ -  
G =  (11-4) 
R s + R o  cs2 + s [  1 B r 
R S  (r+R) C (R,+Ro) C LC 
] + - [ 1 + -  11 
Rs+Ro 
where 
R 
r+R 
B = -  (11-5) 
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The feedback  factor H can be  expressed  as 
In  this  expression T~ accounts  for the upper  cutoff  fre- 
quency  of  the  pentode  and g, is  the  transconductance of the 
pentode.  Equations (11-4) and (11-6) can be  combined  to 
give 
S 
KmgmRo s 2  + B (r+R) C LC + -1 GH = - 
1 3 + " [l + 11 B 
(Rs+Ro) C LC (Rs+Ro 1 
The order of magnitude of noise  reduction  in  the 
current  can  be  determined by comparing  the  open and closed- 
loop  transfer  functions  under  the  condition  that s approaches 
zero. The open-loop  function  becomes 
- RS ' s-to Rs+Ro+r - 
The closed-loop  function  becomes 
(11-8) 
G 1 ls-to - . (11-9 1 
1 + GI? RO r 
1 + - + - + Gg,Ro 
Rs Rs 
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With  typical  values of Rs = 5 x lo4 ohms, = 100 ohms, 
RO 
= 30, r = -10 ohms and  gm = 5000 micromhos, G = 1.25. 4 
However, 
1 
G/(1 + GH) = - - .0634 . 
15.8 
(11-10) 
Taking  the ratio 
G - 1*25 = 19.8 . (11-11) 
G  .0634 
1 + GH 
Therefore,  the  feedback  should  reduce the current noise by 
a  factor of 19.8. 
The stability  analysis was accomplished  by  preparing 
a  root-locus  plot of GH given  by  Equation (11-7). Figure 6 
shows  this  plot  where  measured  values  of T~ = 3.18 x 
T~ = .318 x and “c3 = 3.18 x 10” were used. The values 
of T ~ ,  -c2, and T~ were obtained by measuring  the  gain as a 
function of frequency of the feedback  amplifier  and  the  shunt 
control tube. This plot  shows  a  frequency of instability of 
1.05 MHz at a  Km of 58. From this plot it can be  noted  that 
shifting  any of the  poles  closer to the origin  causes  the 
instability to arise at a  lower  value  of  gain.  Conversely, 
it  should  be  possible  to  make T ~ ,  T ~ ,  and-r3 smaller  and 
thereby  raise  the  usable  gain. 
The effects of the  feedback  upon current noise, 
noise  in  the  spontaneous  emission  and  laser  light  noise 
20 
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were  studied  experimentally. The following  data  summarize 
these  results. 
Stability  performance was checked  by  increasing  the 
feedback  amplifier  gain  until  the  system  oscillated. It was 
found  that  the  system  operating  at 2.75 Torr oscillated  with 
a frequency  of  700 kHz at a Km = 51. At a pressure p = 1.4 
Torr  the  system  became  unstable  with  Km = 72 and oscillated 
with a frequency  of 900 kHz. These numbers  compare  reason- 
ably  well  with  those  predicted  from  the  root-locus  plot. 
They  show  about 17 per cent error  in  frequency and  19  per 
cent error  in  gain. A more  accurate  model  for  the  discharge 
would  reduce  these  errors. 
Noise  reduction  in  the current is  shown  in  Figures 
7 and  8. Broadband  reduction is shown  in  Figures  7a  and  7b; 
Figure 7a shows noise  without  feedback and Figure 7b shows 
noise  with  feedback. A comparison  of  the two figures  shows 
that  the  noise  has  been  reduced  by a factor  of  about  eight. 
Figures  8a  and  8b show current  noise  without and  with  feed- 
back  in a narrow  frequency  band  around  20 kHz. Comparison 
of  these  figures  shows a reduction  factor of 14. The ex- 
perimental  value of Km = 30 was used  for  these  four  figures. 
Thus  the  experimental  low  frequency  reduction  factor  of  14 
was  low  compared  with  the  calculated  value  of 19.8. This 
was  probably  due  to  the  inaccurate  model  used  for  the  dis- 
charge. It is  interesting to recall that  the  broadband  re- 
duction  for  the  voltage  regulator  tube was seven and that 
the  system  oscillated  at 2 MHz. 
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(b) iL = 0.2 mA/cm 
Sweep : 2 ms/cm 
Discharge: IL = 12 mA 
p = 2.75 Torr 
Amplifier : f lo = 10 Hz 3 
fhi = 5 x lo5 HZ 
Figure 7. Discharge  current  noise  (real  time). 
(a)  without  feedback; (b) with  feedback. 
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( a )  iL = 50 pA/cm 
(b )  iL = 5 pA/cm 
D i s c h a r g e :  IL = 1 2  mA 
p = 2 .55  Torr 
Analyze r  : f C  = 20 kHz 
f D  = 1 kHz/cm 
sweep = 50 m s / c m  
F i g u r e  8. D i s c h a r g e   c u r r e n t   n o i s e   ( s p e c t r u m ) .  
( a )   w i t h o u t   f e e d b a c k ;   ( b )  w i t h  f e e d b a c k .  
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Noise  reduction  in the spontaneous  emission  was 
investigated  with  and  without  a  filter  before  the  photo- 
detector. In the unfiltered  case  an  Edgerton,  Germieshausen 
and  Grier 560 Lite-Mike was mounted so the detector  head 
viewed down the bore of the plasma  tube.  Figures 9a and 
9b show the  spontaneous  emission  noise  without  and  with 
feedback in a narrow frequency  band  around 2 0  kHz.  Compar- 
ison  of the two figures  shows  a  reduction  factor  of  about 
five . 
In  the  filtered  case  a 6 3 2 8  5 filter  with  a  half- 
width  of 30 was placed  before  the  detector  head. The 
noise  reduction  measured was about  a  factor  of  three  in  a 
narrow  frequency  band  around 2 0  kHz. 
The first  experimentation  showed,  surprisingly, 
that  the  influence  of  the  current  feedback  upon  the  noise 
in  the  laser  light was almost  negligible.  This  did  not 
agree  with  the  measurement  described  above  since  it'was 
found  there  that  the  feedback  reduced  noise  in  the 6 3 2 8  A 
spontaneous  emission.  One  explanation  of this lack  of 
noise  reduction in laser  light can be  found by reference 
to Figure 1, page 8. At a dc current of 12 mA the  slope 
of  the  curve  between  laser  output  and  discharge  current 
(PL-IL curve) is approximately  zero. This suggests  that 
the  feedback  should  be  more  effective at operating  currents 
where the PL-IL curve has a  steeper  slope. Thus the  effect 
of the feedback was investigated at a  discharge  current of 
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( a )  id = 0.04 pA/cm 
( b )  id = 0.01 pA/cm 
Discharge: IL = 12 mA 
p = 2.75 Torr 
Photod.iode: Id = 14 pA . 
Analyzer: f C  = 20 kHz 
f D  = 1 kHz/cm 
sweep = 50 ms/cm 
Figure 9 .  Spontaneous  emission  oise.  (a)  without 
feedback; (b)  w i t h  feedback. 
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9 mA. It was found  that  laser  light  noise  could be  reduced 
by a factor  of two in  the  frequency range around  20 kHz. 
(Figure 10 shows typical data obtained on another  laser 
tube.) The performance  was  also  checked at a dc  operating 
current of 20 mA. No measurable  reduction  of  light  noise 
was observed  even  though  the  current  noise  could be reduced 
by a factor of 20 in a narrow frequency  band  around 20 kHz, 
and  the slope of the PL-IL curve  is  greater  at  this  oper- 
ating  current  than at 9 mA. 
An  additional  experiment was performed  to  clarify 
the  lack  of  noise  reduction  in  the  laser  light. The ampli- 
tude  of  the  noise  in  the  current  and  in  the  laser  light  was 
measured  as a function of laser  discharge  current  (Figure 
11). These  curves show that noise  in  the  laser  light  begins 
to  saturate  at 13 mA and  is  strongly  saturated  beyond 16 mA. 
In contrast, noise  in the current  continues  to  increase 
strongly  with  discharge  current  in  the  range 13-20 mA. 
These  data  show  that  current  noise  is  not  the  con- 
trolling  source of noise  in  the  light.  Some  more  basic 
phenomenon  such  as  fluctuation  in  electron  density  causes 
both. Fluctuation  in  electron  density  could  cause  fluc- 
tuation  in  current  since J = n-qvd,where J is  current  den- 
sity, n- is  electron density, q is  the  electronic  charge 
and  Vd  is  the drift velocity of the  electrons.  This  ex- 
pression  neglects  ionic  contribution to the  discharge  cur- 
rent. This  is  usually  justified  on  the  basis  that  the 
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( a )  Top - without  feedback - 0.01 V/cm 
Bottom - w i t h  feed.back - 0 ,001  V/cm 
Laser: 4, = 67 cm 
d. = 3 mm 
Discharge: IL = 20 mA 
(b)  Top - without  feedback - 0.001 V/cm 
Bottom - w i t h  feedback - 0.001 V/cm 
Photod.etector: Id = 35 IJA 
Analyzer: fC = 17 kHz 
f D  = 0 . 5  kHz/cm 
Figure 10. Ef fec ts  of negative  feedback on l a s e r  c u r r e n t  l i g h t .  
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electron and  ion  currents  are  related  by  the  mobilities  of 
the  two  particles. The mobilities  are  inversely  proportion- 
al to the  particle  mass and the  charged  particle-neutral 
collision  frequencies. The ion  mass  is  much  larger  than  the 
electron mass, but  the  electron-neutral  collision  frequency 
is  generally  much  greater  than  the  ion-neutral  collision 
frequency.  Tannenbaum [31] has developed  an  approximate 
relationship  between vin and veri based on a hard  sphere 
model  for  ion-neutral  collisions. This relation  plus  data 
on electron  temperature  from  Chapter I11 were used to deter- 
mine  that p+ 5 0.11.1- for  the  experimental  conditions  occur- 
ring  in  this  study. 
Fluctuations  in  electron  density  would  also  cause 
fluctuations  in  laser  output. The population  inversion  in 
the  He-Ne  laser  is  proportional to n- due to electron  impact 
excitation  of  the  Helium 2 S metastable state. However, 
collisional  de-excitation  processes and electron  impact 
excitation  of  the  Neon  1s  level  make it difficult to pre- 
dict  how a fluctuation  in  n-  will  affect  laser  output [ 7 1 .  
1 
This  observation  does not violate  earlier  work  which 
established  strong  correlation  between  light  noise  and  cur- 
rent noise [2, 3 1 .  The  correlation  coefficient  used  in  that 
work was  defined 
(11-12) 
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If it is  assumed  that x = aQ and y = BQ, then  the  correlation 
coefficient  is  unity  regardless of particular  values  of c1 and 
f3. Strong correlation between two phenomena does not neces- 
sarily  imply  that  one  of  the  quantities depends upon  the 
other. Current noise  and  light  noise can be  correlated 
strongly  due to having a common  source,  but  reduction of one 
will not  necessarily cause reduction of the other! 
The following  observations  summarize  the  results 
and  conclusions  of  this  section: 
1. 
2. 
3 .  
4 .  
A simple, lumped-parameter  network  model  is 
sufficient  for  making  stability  and  order  of 
magnitude  noise  reduction  calculations  for cur- 
rent feedback. 
Broadband  noise  reduction  in  the  current  of 
about  an  order  of  magnitude  has  been  attained. 
Current feedback  affects  noise  in  the  plasma  as 
evidenced by reduction  of  noise  in  the  spontane- 
ous emission. 
Current feedback  is  not  effective  in  reducing 
laser  light  noise due to two facts. (1) The 
plasma  noise  probably  is a fluctuation  in 
charged  particle  density  and  therefore  not  com- 
pletely  described by  the  fluctuating  current 
flowing in  the  external  circuit. (2) The re- 
lationship  between n-  and  laser  output  power  is 
complex and exhibits  saturation  effects  above a 
certain  level  of  current. 
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11. LIGHT FEEDBACK 
Since  laser output intensity  and  discharge current 
are  related  as  shown  by  Figure 1, page  8,it is apparent 
that  the  possibility  exists  for  reducing  laser  fluctuations 
through  conventional  feedback  techniques. A signal  pro- 
portional to the  noise  in  the  light  output  could  be  used  to 
control  the  discharge  current  such  that  the  output  fluc- 
tuations  would  be  reduced.  If  an  operating  point  is  chosen 
on  the  linear  portion  of  the PL-IL curve and  frequency  ef- 
fects  neglected,  then  the  transfer  function  between  current 
and  light  would  essentially  be a constant determined  by  the 
slope  of  the  curve. A closed-loop  system  consisting  of a 
laser, photodetector,  feedback  amplifier  with  proper  com- 
pensation, and current  control  device  would  stabilize  the 
laser  output  against  low  frequency vibrations, thermal  ex- 
pansions,  air  currents and other  similar  phenomena. 
Hansen,  Rodgers  and Thomas [ 2 0 ]  have  described  such 
a system  for  stabilizing  the  amplitude  of a He-Ne  laser. 
The  bandwidth  for  this  system was from  dc to 200 Hz. The 
feedback  factor  was  approximately 60 dB leading  to  expecta- 
tion of noise  reduction  of 10 . Actual  performance  gave 3 
reduction of disturbances by a factor  of 100 over  times  of 
the  order of 30 seconds and a reduction  factor  of 30 over a 
period of 24 minutes.  Fluctuation  in  the  photodetector  was 
given  as  the  reason  for  discrepancy  between  expected  and 
actual  performance. 
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The research  reported  herein on 'light-current  feed- 
back  had  been  under  study for some time  before  publication 
of  the  article  discussed  above.  Some  important  differences 
are to be  noted  between  this  work  and that of Hansen et.  al. 
1. Their  work was concerned  with  stabilization 
against  disturbances  which  originate  outside  the 
discharge.  These  disturbances  generally  change 
the  gain of the  optical  cavity  rather  than  affect 
the  discharge.  The  work  reported  herein  was  con- 
cerned  with  reducing  disturbances  which  originate 
in  the  plasma. 
2. Due to the  type  disturbances  being  considered, 
Hansen et. al. needed to consider  only a very 
narrow  bandwith  (dc - 200 Hz) in  their  system. 
Plasma  noise  has  components  with  frequencies  up 
to 100 kHz. This is  shown  in  Figure 12 which 
is a plot of the  noise  spectrum  in  discharge 
current and  laser  light. The work  reported 
herein is more  broadband  in  nature. 
3 .  Due to the  low  frequency  nature of their work, 
the  transfer  function  between  current  and  light 
could  be  accurately  approximated  by a constant. 
In  the  present  work  the  determination of the 
frequency  dependent  function was the  major  task 
to be  accomplished. 
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Fiqure 12. Noise  spectrum  for  discharge  current 
and  laser  iight. 
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Figures 13 and 14 are  schematic  diagrams  of two pos- 
sible ways of implementing  light-current  feedback.  Both  have 
as their goal the maximum  reduction in light noise over the 
widest  frequency range consistent  with  a  requirement for a 
stable  system. 
The specification of usable  values of H can only  be 
made if one  has the transfer  function  from the control  ele- 
ment to the light  output so that the total  open-loop  trans- 
fer  function is known. In the  present case theoretical 
determination of this  function  would be an ambitious  under- 
taking  and  would  prove of limited  usefulness  should it be 
determined  that  both  shunt  and  series  control  feedback 
techniques  are  impractical. 
For this  reason  this  work  was  largely  experimental. 
The transfer  function data that were needed  (amplitude  re- 
sponse  and  phase shift versus  frequency)  were  obtained  by 
applying  a  sinusoidal  signal  to  the  control  element  and  mea- 
suring  the  photodetector  output. This allowed  comparison 
of the two systems  and  rapid  determination of inherent 
difficulties  in  using the light  feedback.  Some  comments on 
experimental  procedure  will now be  given  prior  to  present- 
ing  the  experimental  results. 
The first  problem to be  faced was the  problem of 
choosing  an  operating  point  for  the  laser. The following 
criteria  were  used  in  making  this  choice: 
1. The operating  point  (pressure  and  current)  should 
be  such  that  plasma  noise is present  and  stable. 
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F i g u r e  13 .  S t a b i l i z e d  laser u s i n g  series 
c o n t r o l .  
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Figure 14. Stabilized  laser  using  shunt  control. 
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2. The current should  be  low  enough to minimize 
outgassing and sputtering  problems so that con- 
tamination of the  gas will be  minimized. 
3 .  The  operating  point  should be selected  away 
from  the  maximum  power  point  on  the PL-IL curve 
due to the zero slope  of  the  curve at that point. 
Using  these  criteria  an  operating  point  of 14 mA current 
and 2.75 Torr  total  pressure  was  selected.  Some data were 
taken  at  other  pressures to investigate  changes due to  pres- 
sure  variation.  Phase  information  could  not  be  obtained 
with  plasma  noise  present;  therefore,  phase  shift  as a 
function  of  frequency was only  obtained  for  non-noisy 
(lower  pressure)  conditions. 
Another  procedure  used was to limit  the  laser to 
oscillation  in  only  one  transverse  mode  by  placing  an  aper- 
ture  in  the  cavity. The several  axial modes present  pro- 
duced  some  mode  interaction  noise [ 3 2 ] ,  but  its  magnitude 
was found to be  an order of magnitude  less  than  that  of 
plasma  noise  for  this  particular  laser. 
In obtaining  the  transfer  function data the ac cur- 
rent through  the  laser  was  limited to about l per cent of 
the  dc  value. This minimized  non-linear  effects  which 
shifted  the  dc  operating  point  and  obviates  assumption of 
linear  operation. This current  is of the  same  order as the 
noise  currents. The same  magnitude of ac  laser  current 
was  used  in  series  and  shunt  experiments to facilitate  com- 
parison  between  the two approaches. 
Figures 15,  16,  17 and 18 are  plots  of  the  transfer 
function  data. These curves  yield  the  following  information: 
1. In the  series  control case the  amplitude  re- 
sponse  breaks at 300 kHz and  the  slope of the 
roll-off  is  slightly  greater  than 4 0 dB/decade. 
This implies a second  order  break  and  possibly 
higher  order. The phase shift is  180° at about 
300 kHz and increases to 270' at 500 kHz. This 
indicated  at  least a third  order  break. 
2. Resonance  effects  in  the  discharge  cause  unpre- 
dictable maxima and minima  in  the  amplitude 
curves  in  the  frequency  range  50-500  kHz.  For 
example, at 2.75 Torr  total  pressure and 500 kHz 
excitation  frequency  such  an  effect  caused a 3.6 
per cent increase  in  laser  dc current and a 10.5 
per cent decrease  in  laser  output  power.  The 
change  in  output  power  was  more  than  would  be 
predicted  from  the PL-IL slope. 
3 .  The shunt control amplitude  curves  break  at a 
much  lower  frequency  (25 kHz) and  the  roll-off 
slope  varies  between  20-40 dB/decade. The 
phase shift between  input  and  output  also  begins 
at 25 kHz and reaches  180°  at  220  kHz. 
Some  insight  into  expected  operation  of  the  two 
systems can be  gained  by  deriving  the  current  produced  by 
an  input  voltage ei to the  control  elements.  Small-signal 
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analysis of Figures 13 and 14, pages 3 6  and 37 gives 
Z  +Rs+Z 
i = g e . [  P eq L (11-13) Z P +Rs+Zeq+g  R  Z P Z +Rs+Z m o  P eq 
for  the  ac  laser current in the  series control case  and 
Z’ i L = g e.[ 1 
= z’+z eq 
(11-14) 
for  the  shunt  control  case.  In  these  expressions Z is  the 
equivalent  plate  impedance of the control  element  and  Z’ is 
the parallel  combination of Rs and  Z . In  Equation  (11-13) 
if  gmRo <<  1 and  Z > Rs + Z then the laser  current  is ap- 
proximately gmei, which  means the control element acts as a 
good  current  source.  Figure 4 ,  page  14,shows  that Z for 
the  discharge does not exceed 70 kilohms in  the  frequency 
range  of  interest  (up  to 1 MHz). If Rs = 50 kilohms, then 
a  Z > 120 kilohms would  satisfy the conditions over the 
greater  part of the  frequency  range. For the 6L6 tube  used 
this  condition was met due to being  operated  at  a  relatively 
low  value  of  dc  current  (14 m A ) .  The condition  for 
P 
P 
P eq‘ 
eq 
P -  
gmRo 
ohms.  It was thus  expected  in the series  case  that  the 
current-light  transfer  function  and control input  voltage- 
light  transfer  function  would  be  identical  in  form  except 
at  frequencies  above 1 MHz where the assumptions  made  above 
are not fulfilled. This was verified  experimentally. 
< <  1 was met since  gm = 5 x 10 mhos  and Ro was 100 - 5  
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From  this  consideration  series control appears  advantageous 
bccause  the current in the loop  is  minimally  affected by
discharge  conditions. It would  be  expected  that  resonance 
effects  would be minimized.  However, Figure 15, page 40, 
shows that resonance  effects are quite  pronounced,  espe- 
cially at an operating  pressure of 2.1 Torr. This supports 
the  conclusion  reached in Section  I  that the external  cur- 
rent is not a  completely  valid  indication of processes  in 
the plasma. 
In contrast, consideration of Equation  (11-14) 
shows  that the current  that  flows  is  strongly  affected by 
the discharge  impedance. This was demonstrated  experi- 
mentally by the lower  break  frequency  for  the  shunt  con- 
trol  system. This lower  break  frequency  masked  the  resonant 
effects  although  the 2.1 Torr curve  still  exhibits  a  small 
amount  of  resonance. 
Others  have  pursued  modulation  experiments on the 
He-Ne  laser  using  the  series  method [4, 71. Their  results 
are  similar  to  those  found  here. The resonance  effects 
were present  in  some of the  work  reported [7, pages  105- 
1071. These effects  complicate  the  response  data  and  make 
interpretation  difficult. The break  frequencies  may be 
generally  attributed  to  a  combination  of the He ( 2  SI 1 
metastable  lifetime [4, 71, cavity  loss  141,  and  plate- 
cathode  capacitance  of  the  control  tubes. The sum of these 
effects  leads to a  fourth  order  roll-off  and  a  total  expected 
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phase  shift of 360".  Experimental  difficulty due to small 
signal  levels  prevented  accurate  verification f this pre- 
diction. 
Application  of  the  transfer  function data to speci- 
fication  of  a  usable H can be  made  with  the  assumption that 
the  phase  shift at an  operating  pressure of 2.75 Torr  is 
not  greatly  different  from  that at 2.1 Torr.  Under  this 
assumption  the  plots  in  Figures 15 and 16 (series  case), 
pages 40 and 41, show  that  the  open-loop  gain is 0 dB at 
the  frequency  where  the  phase  shift is 180O. This implies 
that  closing  the  loop  with H greater than unity  would  lead 
to an unstable  system.  Verification  of this result  was 
obtained  experimentally.  Noise  reduction is not possible 
in  the  series case without  introducing  compensation  in the 
feedback loop.  A simple  lag  network was introduced  to 
break  at  30 kHz so that the open-loop  gain  would  be  less 
than 0 dB at the  frequency  where  the  phase  shift was 180". 
This produced  a  closed-loop  noise  reduction  factor  of  four 
in  the  frequency  band  20-30  kHz.  Beyond  this  point  the  re- 
duction  decreased  with  the  compensation  slope.  More  complex 
compensation  with  active  filters  might  produce a larger 
factor of reduction  in  a  greater  frequency band. 
Figures 17 and 1 8 ,  pages 42 and 43, indicate  that 
noise  reduction  can  be  attained  with  shunt  control by plat- 
ing  H = K & O  in the loop. Assuming  that  the 180" point is 
reached  at 180 kHz, from  Figure 17 / G I  = -22  dB.  Allowing 
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7 dB for  stability  margin,  then \HI = 15 dB or H = 5.6 Eo. 
The amount of reduction at 2 0  kHz is expected to be 1/6.6. 
Experimental  verification of this was sought  and  the  actual . 
reduction was found to be 1/4.67 at 20 kHz. The experimental 
reduction was found to be negligible  beyond 50 kHz. When 
the  gain was increased to  the point of instability,  the  fre- 
quency of oscillation was 90 kHz. 
The following  conclusions  summarize  the  work in this 
section: 
1. Noise  reduction  in  the  laser  light  in  a  limited 
frequency  band  can  be  achieved  with  series  and 
shunt control. The amount of reduction  and  ef- 
fective  frequency  range are dependent  upon  the 
compensation  devised. This work  has not at- 
tempted to optimize  a  compensation  scheme  since 
the limited  success  in  noise  reduction  did  not 
justify the necessary  additional  effort  required. 
2. Neither  series  nor  shunt  control  offer  a  signifi- 
cant advantage  in  high  frequency  noise  reduction. 
If it  was desired  to  have  noise  reduction  from 
dc to frequencies  in  the kHz range, the series 
control technique  offers  a  practical  advantage 
because no problems  exist  in  electrically  cou- 
pling  the  control  element  to  the laser.  In the 
shunt control technique  a  high  voltage  transmit- 
ting  tube  must  be  used as a  control  element to 
withstand  the  high  voltage  across  the  laser tube. 
3 .  The current flowing  in the circuit  external to 
the discharge  tube is not completely  indicative 
of the processes  occurring  inside  the tube. 
4 .  Resonance  conditions  in  the  plasma  strongly  af- 
fect the  amplitude  response  and  obscure  the 
break  frequencies. 
These summarizing  statements  indicate  reasons  why 
the  feedback  effort was not extended. The limited  success 
of  linear  techniques  suggests  that  nonlinear  schemes  would 
achieve no greater  success  since  such  methods  would  probably 
be  highly  dependent  upon G ( s )  which  is  highly  dependent  up- 
on pressure, current and  other  physical  paramekers. Also, 
the underlying  physics  of G ( s )  and  the  noise cTcneration 
mechanisms were not understood.  Therefore, it was con- 
cluded to investigate  the  noise  generation  processes  in the
plasma. 
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CHAPTER  I11 
PLASMA TUBE NOISE  CHARACTERISTICS 
I. INTRODUCTION 
Feedback  stabilization was not as effective as 
desired  in  removing  plasma-induced  noise  in  the  coherent 
laser  emission. This study was therefore  extended  to  in- 
clude  noise  characteristics  of  the  plasma  alone. Two 
goals were established  for this part  of the study: (1) to 
provide  data  leading to a  physical  understanding  of  the 
noise  generation  processes  and (2) to provide  data  useful 
in  establishing  guidelines to be  used  in  design of a  laser 
with  minimum  plasma-induced  noise. 
Since  it  had  been  observed  that  interruption of 
lasing  action  produced no measurable  effect  upon  plasma- 
induced  noise  in  the  current,  and  since  the  correlation  be- 
tween  light  noise  and  current  noise  is  high [ 3 ] ,  it  was  de- 
cided to concentrate on the  glow  discharge  plasma.  An  im- 
portant  practical  experimental  advantage was gained by this 
approach;  it  is  much  easier  to  build  a  discharge  tube  alone 
than  to  incorporate  that  tube  into  an  operating laser. 
The same  basic  experimental  arrangement as described 
by Figure' 2, page 10, was used  in  obtaining  the  data  pre- 
sented  in  this  Chapter.  However,  a  special  manifold  which 
allowed  simultaneous  connection  of  six  tubes to the  vacuum 
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system  was  designed and  constructed. This permitted  sev- 
eral tubes to be tested  under identical gas  conditions  and 
facilitated  obtaining data pertaining to geometrical  effects 
upon  the  noise.  Figure 19 shows a diagram of the  manifold 
and  details  of  the  tube  attachment. 
Study  of  the  noise  characteristics was performed  by 
varying  certain  discharge  parameters  and  noting  the  effects 
upon  the  noise. Current, total gas pressure and tube  diam- 
eter  were  chosen  as  important  ones to be  studied.  Not  only 
are  these  basic  parameters  of  the discharge, but  they  also 
determine  the  power  available  from a He-Ne  laser [ll, 331. 
It  should be  emphasized  that  the  data to be  pre- 
sented  in  this  study  were  not  available  in  the  literature 
(see  Chapter I, pages 2 and 3 ) .  The general  statements  in 
the  literature  gave  some  indication  as to what parameters 
might  be  important  in  the  study of plasma noise, but no de- 
tailed  data  illustrating  functional  relationships  were 
available. Therefore, a major  part of this  study  had to be 
experimental  in  nature. 
11. NOISE CHARACTERISTICS 
A characteristic  of  the  noise  -which  is  of  prime  in- 
terest  is how large  its  magnitude is in  comparison  with  the 
discharge  dc  current.  Figure 20 gives  typical data for  one 
of the  tubes  tested.  Included  in  this  figure  are  some  data 
which  show  the  effects of gas  clean-up.  Curves (1) and (2) 
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show the noise amplitude  before  the  tube 'had been  completely 
cleaned  by a discharge  process  (higher currents). The re- 
mainder of the curves give data after  clean-up  had  been corn- 
pleted. 
From these curves it can be seen that the  rms  noise 
is  typically 2 to 3 per cent of the dc current level  for 
pressures  around 3 Torr. It should also be stated  that  the 
reason for the  decrease  in  noise  as  the  discharge  current 
was increased was that  certain  dominant  components  around 
100 kHz decreased while lower  frequencies  tended to stay 
constant. 
The next data  presented  were  taken  for  the  purpose 
of  establishing  conditions  under  which  low  frequency  noise 
was present  in the discharge.  These data are  of  fundamental 
importance  for  physical  understanding of generation  mecha- 
nisms and for design.  The  data  were  taken  in  the  form  of a 
threshold current necessary  for onset of  plasma  noise  as a
function  of total pressure  with  tube  diameter  as  parame- 
ter. Figure 21 gives a plot  of  the  data.  Curves  for  only 
three  tube  diameters  are  shown. Data for two other  tubes 
were taken, but  not  plotted due to the  very  small  effect 
of  diameter  upon  threshold  current. Too, data for  one  of 
the  tubes ( 2  mm) was inconsistent  with  the  pattern  set by
the  others  (had  typically  lower  threshold current than  for 
a larger  diameter  tube) and  would  have  obscured  the  pattern 
set by the  four  other  tubes. 
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These  data  give  the  following  information: 
1. The  threshold current decreases with increasing 
total  pressure. 
2. In  the small pressure  range  of  interest the 
curves  are  approximately  straight lines. This 
means  that  the  functional  relationship  between 
current and pressure can be  approximated by an 
equation of the  form 
where I is  threshold current in mA, D is a 
constant, 6 is a constant  determined by  the 
slope  of  the curve and p is  total  pressure  in 
Torr. 
th 
3 .  Since  the  curves  are  approximately  parallel, 
tube  diameter does not affect  the  slope of the 
curves.  Thus  in  the  functional  relationship of 
Equation  (111-1)  the  diameter  dependence  must 
appear  in D. 
4 .  The effect  of  change  in  diameter  upon  threshold 
current  is  quite  small. A 29  per cent change 
in  diameter causes only  an 8 per cent change  in 
threshold  current.  In contrast, a 21.5 per cent 
change  in  total  pressure causes a 70 per cent 
change  in  threshold  current. 
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Experimental  technique was important in  obtaining 
the data for Figure 21 ,  page 5 4 .  Effects  from  impurities 
were  minimized  by  establishing  high current discharges 
( 5 0 - 1 0 0  m A )  in  the  tubes to bake out adsorbed  gases on the 
walls  and  electrodes. The impurities were pumped out after 
several  minutes of running  the  high current discharge. 
This  process  was  repeated  until no blue  spontaneous  emis- 
sion  appeared  in  the  discharge at normal currents ( 5 - 2 0  mA) .  
The  blue  emission was associated  with  impurities; a clean 
He-Ne  discharge  at  pressures  of  about 1 Torr emits  pinkish- 
red  light  with  the  red  becoming  more  prominent at higher 
pressures. 
In  taking  the data for Figure 21 readings  were 
taken  within 5 seconds  after  establishing  the  discharge. 
This was done to minimize  the  effects  of gas heating  upon 
the  data. The amount  of  noise  in  the  plasma at a given 
current  was a function of the  length of time  from  turn-on 
of  the  discharge. The next data clarify  this  effect. 
Figure 22 shows  pictures  of  noise  in  the  current  as 
a function  of  time  after  turn-on  of the discharge.  These 
data  suggest  that  noise  is  related to the  neutral  gas  tem- 
perature  through  the  capillary wall temperature. 
Thermocouples  were  attached to the walls of three 
tubes to determine  the  time  necessary  for  the  temperature 
to reach a steady-state  value.  With a room  ambient  tem- 
perature of 26.6OC this  time was determined  to be 9 minutes. 
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Discharge :  IL = 10 mA 
p = 2.55 Torr  
4, = 50 cm 
d = 3 . 5  mm TA = 26.6OC 
Analyzer :  fC = 50 kHz 
fD = 1 0  kHz/cm 
s e n s .  = 10 @/cm 
sweep = 50 ms/cm 
F i g u r e   2 2 .   C u r r e n t   n o i s e   t h e r m a l   t r a n s i e n t .   ( a )  t = 1 min; (b) t = 3 m i n ;  
(c)  t = 5 min ;  (d)  t = 9 min. 
Observation of the  noise in the current showed no measurable 
changes  after 9 minutes. 
The preceding data indicate  that the threshold  cur- 
rent for  onset of noise is less than the current at which 
constant  amplitude  broadband  noise  would  persist. This is 
illustrated by the following  data. Figure 23  gives  a  plot 
of  current  at  which  stable  broadband  noise  exists  as  a  func- 
tion of tube  diameter  with  pressure  as  a  parameter.  Com- 
parison of these  data  with Figure 21,  page 5 4 ,  substantiates 
the fact  that at a  given  pressure  the  threshold  current is 
much  lower  than  the current for  stable  broadband  noise. 
These data  also  show  that  tube  diameter is more  important 
in determining  current for stable noise than in determining 
threshold  current. This will be  clarified  later  with wall 
temperature  data. 
Further  clarification of what is meant  by  "stable 
broadband noise" is  given in Figure 24. These pictures 
show how the  noise  spectrum  varies  with dc current.  Figures 
24a  and  24b  would  be  termed  "stable  broadband  noise"  be- 
cause  all  components  are  present  out  to  frequencies  of 
100 kHz. Figure  24c  would not be  termed  "stable  noise" 
because  discrete  frequencies  dominate  the  spectrum. 
These  discrete  frequencies were not discussed  in 
Chapter  I1  because  they  did  not  appear  in  the  noise  spectra 
of  the  laser  tube  under  study.  It was mentioned  in  Chapter 
I  that  low  frequency  discrete  frequencies  have  been  observed 
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F i g u r e  24.  N o i s e   c u r r e n t   s p e c t r u m   f o r   d i f f e r e n t   d i s c h a r g e   c u r r e n t s  
( a )  IL = 14 .O mA; (b) IL = 1 2 . 0  mA; ( c )  IL = 1 0 . 5  mA. 
in He-Ne  lasers  in  some  instances  and  in  other  cases  were 
not present. The data in the  literature [lo] suggest  that 
hot cathode  lasers  exhibit  these  frequencies  more ften. 
than  cold  cathode  lasers. The fact  that  they were present 
in the  discharge tubes under  study  here was attributed  to 
minor  differences in geometrical  construction of the  dis- 
charge  tubes as compared to the  laser  tube  studied  in 
Chapter 11. 
An  implication from the data of  Figures 23 and 24 
is  that  if  the  wall  temperature w re held  constant  (thereby 
maintaining  the  neutral  particle  temperature  constant)  at  a 
low  t.emperature,  then  the  noise  problem  would  be  greater. 
This was verified by placing  a  water  jacket  around 35 cm 
of the  positive  column of the 3.5 mm diameter  tube  and 
using  flowing water to cool the wall.  Figures 25  and 2 6  
show  plots of the  resultant  data. These data  show  that  the 
water-cooled  tube  exhibits  stable  noise  at  much  lower  cur- 
rents  than  the  air-cooled  tube. 
One  further set of data  was  obtained  to  use  in 
studying  temperature  effects  upon  the  noise.  Internal  wall 
losses  are  greater in smaller  diameter  tubes.  It was there- 
fore  expected that, for  a  given  pressure  and current, a 
small  diameter  tube  would  operate  with  a  higher  wall  tem- 
perature  since  both the wall losses  are  larger  and  the  con- 
vective  heat  transfer is less  effective. The fact  that  the 
tube  diameter  affects the operating  temperature of the  gas 
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f o r  s t a b l e  n o i s e .  
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explains  why the diameter effect is stronger in determining 
current for stable noise than  in determining noise  threshold 
current. 
Figure 27 gives  a  plot  of wall temperature as a 
function  of  operating  current  with ube diameter as a  param- 
eter. 
The data already  presented have shown how noise  in 
the  current  external to the  tube  varies  with  various  dis- 
charge  parameters.  It  is  important  for  noise  generation 
studies  to know  how the noise  varies  along  the  positive 
column. 
Several  researchers [ 6 ,  1 8 ,  19, 341 have  concluded 
that  low  frequency  noise  in  gas  discharges is generated  in 
the  cathode  region of the tube. This is supported  with  some 
strong  evidence  because  noise  reduction  has  been  achieved 
in  some  discharqes  by  using  various  techniques  in  the  cath- 
ode  region  (see  Chapter I, page 4). In  addition  Crawford 
[351 studied how the  noise  amplitude  varied  along  the  posi- 
tive  column  in  a  mercury  vapor  discharge. He found  that 
the  amplitude  was  largest  near the cathode  end  or  near  a 
constriction  at  the  cathode  end  and  decreased  sharply  toward 
the  anode.  His  interpretation was that  noise was generated 
at  the  cathode or constriction  and was attenuated  down the 
tube. 
In view of the  work  mentioned  above  a  series of
measurements were made  on  noise  ampl.itude  in  the  spontaneous 
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Figure 27. Wall  temperature as a  function  of 
current. 
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emission as a  function of distance from the cathode. These 
data are given in Figures 2 8 ,  29 and 30. In  all  cases  these 
pictures  show  that  noise at the  anode  end was larger than at 
the  cathode end, even  though the dc  level of the  photo- 
detector was the  same at both points. This is directly op- 
posite to the  effect  noted  by  Crawford. 
I 
It was desirable  to  obtain data more  closely  asso- 
ciated  with  fluctuations in the  charged  particle  density. 
This was obtained  using  a  capacitive  probe [ 3 5 ]  (a  small 
piece of wire  which is fastened  around  the  column of the 
discharge).  Figure 31 gives  these data for the 2.0 mm tube. 
Comparison  of  these data with  Figure 29 shows  that  both 
have  the  same  spectral  components.  However,  the  data  also 
show that in the capacitive  probe  case  the  noise  amplitude 
is  about  three  times  as  large at the anode as at the  cath- 
ode, but  in  the  spontaneous  emission the amplitudes  differ 
only by a  factor of about 1.5. 
111. CONSIDERATION OF N O I S E  GENERATION  PROCESSES 
The  major  emphasis of this  section will be  upon 
interpretation of the  preceding data and  presentation  of 
new data  to  give  an  explanation f noise  generation  mecha- 
nisms. 
The  data  given  in  Section I1 give  the  following 
information: 
1. Increasing  current or total  gas  pressure leads, 
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Discharge :  
Ana lyzer :  
P h o t o d e t e c t o r :  
IL = 30 mA 
p = 2 . 5 5  Torr  
L = 50 c m  
fC = 50 kHz 
f D  = 10 kHz/cm 
s e n s .  = 20 pV/cm 
Id = 11 pA 
F i g u r e  28.  Spontaneous   emiss ion   no i se   da ta  
(d  = 1 . 5  m). ( a )  Z = 4 c m  from c a t h o d e   c o n s t r i c t i o n ;  
(b) Z = 1 0 . 5  c m  from a n o d e  c o n s t r i c t i o n .  
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Analyzer: 
Discharge: I = 2 o m A  L 
p = 2.55 Torr 
R = 50 cm 
fC = 50 kHz 
fD = 1 0  kHz/cm 
sens. = 50 pV/cm 
Photodetector: Id = 8 pA 
Figure 29. Spontaneous  emission  noise  data 
(d = 2.0 mm). (a) 2 = 4 cm  from  cathode  constriction; 
(b) 2 = 11.5  cm  from  anode  constriction. 
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Discharge: IL = 14 mA 
p = 2.55 Torr 
R = 50 cm 
Analyzer: fc = 50 kHz 
fD = 10 kHz/cm 
sens. = 50 pV/cm 
Photodetector:  Id = 7 pA 
Figure 30. Spontaneous  emission  noise  data 
(d = 3.5 mm).  (a) 2 = 4 cm'from  cathode  constriction; 
(b) Z = 11.5 cm  from  anode  constriction. 
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(b) s e n s .  = 5 mV/cm 
Discharge: IL = 20 mA 
p = 2.55 Torr 
4, = 50 cm 
Analyzer:   fC = 50 kHz 
f D  = 10 kHz/cm 
Figure 31. Capacitive  probe  noise  data  (d = 2 .0  mm). 
(a) Z = 4 cm from cathode constr ic t ion;  (b) Z = 11.5 cm from 
anode c o n s t r i c t i o n .  
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2. 
3. 
from  non-noisy  operation, to onset of plasma 
noise  (Figure 21, page 54). This  suggests  that 
changes in these two parameters have a common 
effect. 
Plasma  noise  is  dependent  upon  neutral  gas 
temperature in the  positive  column.  This  sug- 
gests that conditions  in the positive  column 
determine  whether  noise  is  present or not. 
Noise  amplitude  increases  from  cathode to an- 
ode. This suggests  that (i) noise  is  generated 
in  the  cathode  region  and  is  amplified by a wave 
moving  toward  the anode, or  (ii)  noise  is  gen- 
erated  in  the  anode  region  and  is  attenuated by 
a wave  moving  toward  the cathode, or (iii)  an 
instability  in  the  positive  column  involving 
neutrals, ions and electrons  develops  such  that 
inherent, low-level  noise  (generation-recombina- 
tion, shot  noise)  is  amplified and  produces a 
wave  traveling  toward  the  anode. 
Very  little  study  has  been  done to determine  the 
effect  of  the  anode  region on noise  generation.  Armstrong, 
Emeleus and Neil1  [36]  have  stated  that  instabilities can 
occur  near  the  anode  in a low  pressure  discharge.  Anode 
spot  oscillations  [34] can also  occur and  give  rise  to  low 
frequency  noise.  Crawford  and  Kino  [16]  have  noted  that 
the  exact  mechanism of anode  glow  instability  is obscure, 
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but seems to be  more  pronounced when the anode-fall is posi- 
tive, or when'there is a  large  curvature of the glow as 
when the  discharge  anode is small, or when impurities are 
present. 
It was known in this  work  that the low  frequency 
noise was present in tubes  with  a wide variety  of  anode 
types  and  also no evidence of anode  spots was present; 
therefore, it was concluded  that  anode  instability was not 
the basic  mechanism  in  noise  generation. 
Since  the  possibility that noise  is  generated  in 
the  cathode  region has strong  support  from  the  literature, 
a  simple  experiment was designed to determine  if  the  cath- 
ode region was important  in  generation of the  noise  ob- 
served. The experiment  required the construction of a 
special  discharge  tube  (Figure 32) which  had a movable  grid 
between  cathode  and  constriction.  Others [191  have  found 
in  mercury  discharges  that  some  noise  reduction  can  be 
achieved  by  drawing  a  small  amount of current through  such 
an  auxiliary  electrode.  Chism [ 3 8 ]  found  that  an  auxiliary 
electrode  in the form  of  a  straight wire in  the  center  of  a 
cylindrical  cathode  could  be  used to reduce  noise  in an 
argon  discharge. 
The special  tube was constructed  and the grid was 
placed 1 mm in front  of  the  ceramic  collar on the  cathode. 
After  proper  evacuation  and  clean-up  procedures were com- 
pleted,  the  tube was filled  with  the He-Ne mixture to a 
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To vacuum system 
Capillary 
d = 2.8 mm 
I 
Front  view of 
copper  grid 
Holes - 1 
diameter 
mm 
Figure 32. Special  discharge  tube  for  determining 
importance  of  cathode  region  in  noise  generation. 
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pressure of 2.75 Torr and the discharge was est?blished at 
a  current  which  gave  stable  noise. A variable  positive 
potential was placed on  the grid. No measurable  effect on 
noise  in  the  discharge was observed until the potential on 
the  grid was high  enough  that  visual changes in  the  plasma 
in  the  region  of the constriction were observed.  When this 
occurred,  some  reduction  in  noise near the constriction  (as 
picked up by  a  capacitive  probe) was observed. At distances 
down  the  tube  greater  than 12 cm no effect  on  the  noise was 
observed. 
This experiment  suggested  that  perhaps  the  constric- 
tion  region  was  more  important in noise generation  than  the 
cathode  region. The grid was moved to the edge of the  con- 
striction  and the experiment  repeated.  Essentially  the 
same  results were obtained. These results  differ  from  those 
of the  other  researchers  mentioned  above. This suggests 
that  noise  generation  processes are not the  same  in  both 
cases. 
Another  experiment was performed to check the ef- 
fect of the  cathode  alone. The grid was used  as  the  anode 
and  the  discharge was established  between  this  electrode 
and  the  cathode. If the  cathode  region  alone  determined 
the  onset of noise, then  this  discharge with a short, if 
any, positive  column  should  have  noise  characteristics 
similar  to  that of the  whole  discharge. 
With  a  total  pressure of 2.75 Torr the  discharge 
was established  and the dc  current was varied up to 50 mA. 
Discrete  frequency  noise  similar to that of the  total  dis- 
charge was observed at a  current of about 30 mA, but  dis- 
appeared after a few seconds. The amplitudes of the dis- 
crete  frequencies were about  the  same as observed in the 
total  discharge  current. No other noise  was  observed  even 
though the current was increased to 50 mA. 
This experiment  suggests that the  cathode  region 
may  be  linked  with  excitation of the  discrete  frequencies, 
but it is not solely  responsible  for  generation of the  ran- 
dom noise. 
Another  experiment was designed  using  the  special 
tube  of  Figure 33. This discharge  tube was designed  to 
eliminate  constrictions. If a  discharge  in  this  tube  showed 
very  different  noise  characteristics  from  the  previous 
tubes, then it could  be  concluded  that  the  constrictions 
were important in noise  generation. 
The tube was filled  with  the  gas  mixture  to  a  pres- 
sure of 2.75 Torr. When  the  discharge was established,  some 
difficulty was encountered in increasing  the  current  above 
3 mA. This was due  to  the  current  concentrating  on  a small  
region  of  the  cathode  rather  than  spreading  over  the whol
surface as planned.  However,  with  increase  in  power  supply 
voltage  the current could  be  raised  to  about 12 n A .  Low 
frequency  noise  similar to that  of  the other tubes was 
observed at currents of 7 mA or higher. 
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f- To vacuum  system 
port #1 
Tungsten  wire 
anode 
Capillary / 
d = 2.8 ~~UII 
Aluminum  foil 
cathode 
Figure 33. Special  discharge  tube  for  determining 
importance of constrictions  in  noise  generation. 
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This experiment  adds  evidence  that  the  source of 
the noise is in  the  positive  column.  However,  before  mak- 
ing strong  conclusions  from this experiment, it should  be 
mentioned  that  this  discharge  tube was operating  in the ab- 
normal glow region  (higher  cathode-fall  voltage)  and  con- 
sequently  had  a  higher  gas  impurity  content  than  the  other 
discharges. The effect of these  parameters  upon  noise  gen- 
eration  is  unknown. 
These experiments  plus  the  data  of  Section  I1  sup- 
port  the  contention  that  conditions  in  the  positive  column 
are  important  in the noise  generation  process.  It  was 
decided  to  pursue  those  experimental  aspects of the  problem 
which  would  clarify  conditions  under  which  noise  amplifica- 
tion  could  take  place  in  the  positive  column  and  which  would 
support  evolution of a  physical  model to describe  the  fluc- 
tuation  phenomena. 
Before  pursuing  the  experimental  study  a  literature 
survey of plasma  instability  phenomena was performed.  This 
was done  to  determine  the  most  likely  phenomenon  responsi- 
ble  for the noise  and  then  experimental  verification  could 
be  sought. 
Bloom [lll had  suggested  that  Ingard's [12, 131 
theoretical  work  might  be  applicable  to  noise  in  the  He-Ne 
discharge.  Ingard's  papers  dealt  with  amplification of a 
purely  acoustic  disturbance in a  weakly  ionized  gas by
energy  transfer  from  the  charged  particles  (primarily 
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electrons) to the neutrals  through  elastic  collisions. In 
his  first  paper  he  derived  the wave equation  for the pres- 
, 
sure  in  the  neutral  gas  and  expressed the interaction  with 
electrons  and ions in  terms  of  sources  in the wave equation. 
By considering how these  source terms might  depend  upon 
the  acoustic  field itself, he was able  to  derive  expres- 
sions  for  growth  rates of the waves.  In  order to deter- 
mine  if  amplification was possible,  he  compared  the  growth 
rate  with  the  attenuation  resulting  from  loss  mechanisms 
such as viscosity  and  heat  conduction. The resulting  cri- 
terion  for wave amplification is 
(111-2) 
where y is  the ratio of  specific heats, d is tube diameter, 
Rn and R -  are  the  neutral  and  electron  mean  free  paths, T - 
and  Tn  are  electron  and  neutral  particle  temperatures,  m- 
and  mn  are electron  and  neutral  particle  masses  and  n-  and 
n  are  electron  and  neutral  particle  densities.  According 
to Ingard, if  this  criterion  is  fulfilled,  then  wave  ampli- 
n 
fication  is  insured  in  a  frequency  range  from  zero to an 
upper  limit  determined  by  the  high  frequency  growth  rate 
and  the  corresponding  attenuation. 
The numerical  values  applicable to the  He-Ne  dis- 
charge  were  determined  and  substituted  into  Equation  (111-2) 
to  see  if  this  criterion  adequately  predicted  the  noise 
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characteristics. In making  this  trial  calculation  numbers 
appropriate for pure He were used. 
The calculation was made  for  a 2.5 mm diameter  tube 
where  p = 2.5 Torr and I = 15 mA. It was assumed  that  the 
neutral  temperature was 373OK  for  these  operating  condi- 
tions  (see  Figure 27, page 65). On  this  assumption  the 
neutral  density  may  be  calculated  from 
L 
n =  273p(3.54  x n rn (111-3) 
where 3.54 x  10l6 is the  number of neutrals/cm3  at O°C and 
1 Torr. 
To find T- the  quantity pd must  be  used  since 
T- = f(pd). For the  values of p  and  d  given  above, 
pd = 6.25 Torr-mm. From Labuda and  Gordon's  [39]  measure- 
ments T- = 6.5 x 1040K and  n- = 8 x 1010/cm3. 
The mean  free  path Rn (based  only on elastic  col- 
lisions) was computed  from  an  expression  given  by  von  Engel 
[26,  page 311 and was found to be 0.0096  cm. The mean  free 
path R- was computed  from  data  from  Brown [ 4 0 ,  pages 3-51 
and was found  to  be  0.054  cm. It  should  be  stressed  again 
that  these  numbers were obtained  under  the  assumption  that 
only  pure  He gas was present  in  the  discharge. 
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Substituting these numbers  into  Equation (111-3) 
gives 
3 /20  [ 
. 0 6 2 5  I [  1 [- I 6 . 5 , ( 1 0 4 )   3 / 2  1 1 / 2 [  8 (lo1') 
1 6  
9 . 6   ( 5 . 4 )   3 . 7 3  ( l o 2 )  7 2 8 0   6 . 5 ( 1 0  1 
= . 5 9 6   ( 1 1 1 - 4 )  
which is over three orders.of magnitude  from  satisfying  the 
criterion. As stated  above  this  criterion  would  insure wave 
amplification  from  zero  frequency to some  higher  frequency 
determined by a  high  frequency  growth  rate  and  associated 
losses. 
The criterion  for  growth in the  high  frequency 
range  is 
where 
and <a> is  the  average  elastic  scattering  cross  section  be- 
tween  electrons  and  neutrals. w is the  acoustic  frequency 
and  c  is  the  velocity  of  sound. <a> may  be  evaluated  from 
Brown [ 4 0 ] .  
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Substituting  numbers  into  Equation  (111-5)  gives 
1.58(10-3) - > 1.64(10-2) ( w )  + 8.56(10 - I3  ) w  (111-7) 
For any w>l the criterion is not satisfied due to the first 
term on the right side of Equation (111-7). It should  be 
pointed  out  that  this  term  results  from  boundary  losses. 
Even  if this term were neglected, the second  term on the 
right  would  only allow amplification up to about  7 kHz. 
Ingard  gives  a  more  complete  derivation  for  the 
criteria  for wave amplification  in  his  second  paper  where 
he  uses  a  three  fluid  approach. The new  criterion  is  com- 
patible  everywhere  with  the old except  with  regard  to  low 
frequency  effects.  Boundary  losses  still  prevent  amplifi- 
cation  beyond  a few rad/sec. 
It  is  interesting at this  point  to  compare  the  cri- 
teria  derived  by  Ingard  with  actual  experimental  data  of 
Section 11. Equation  (111-2),  page 78, shows  that  amplifi- 
cation  onset  should  be  proportional to d'. Figure 21, page 
54, shows  only a very  small  dependence  upon d. Equation 
(111-2) also shows  that  as Tn increases,  amplification  de- 
creases. This agrees  with the data of  Figures 25  and 26, 
pages 6 2  and  63.  Equation  (111-5)  shows that bulk  losses 
increase  as w . The spectrum of the  noise  (Figures 22, 28, 
29  and 30, pages 57, 67,  68 and  69)  often  shows  components 
in the 100 kHz range  which  are  larger  in  amplitude  than  the 
components at frequencies of 10 kHz. 
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I t  was concluded o n  the b a s i s  of the to t a l  ev idence  
that  Ingard 's  theory as  present ly  s ta .ked does ndt adequately 
describe the observed phenomena. 
Ingard 's  theory has  descr ibed how ampl i f ica t ion  of 
an acoust ic  dis turbance could take place due to  energy 
t r a n s f e r  from t h e  e l e c t r o n s  t o  t h e  n e u t r a l s  t h r o u g h  c o l l i -  
s ions .  The ult imate  source  of tl1i.s energy i s  t h e  a x i a l  
e l e c t r i c  f i e l d  which maintains the discharge.  A s imi l a r  
phenomenon which can lead to i.nstabj.1i.ty of a plasma was 
pointed  out by Buneman [41.1 in 1958 .  
H e  po in ted  out  tha t  re la t ive  mot ion  of ions and 
electrons can give r i se  t o  growing  plasma waves whereby 
the  growing waves provide a mechani.sm f o r  loss of t r a n s l a -  
t ional   energy of the p a r t i c l e s .  Numerous papers [ 4 2 - 5 0 1  
have appeared which  have  given theo re t i ca l  t r ea tmen t  of 
this probl.em. A b r i e f  sununary of the  appl icable  ones  w i l l  
be given. 
The physical  mechanism operati.ng j.n this type of 
i n s t a b i l i t y  i s  a trappi.ng of t h e  p a r t i c l e s  hy  t h e  e l e c t r i c  
f i e l d  of the wa~7e w i t h  subsequent ene rgy  t r a n s f e r  between 
wave and p a r t i c l e s  [ 4 2 ]  . For this type  of   i .n teract ion  to  
take  p lace  the  par t ic les  must be moving. a t  a ve loc i ty  very  
near the phase vel.ocity of the wave. I f  the  d i  f fe rence  i n  
ve loc i ty  between wave and p a r t i c l e  i s  too  l a rge ,  the par.Li- 
c l e s  will s l i d e  Over t h e  c r e s t s  and troughs wi.thout any 
average change of e n e r g y  [ 4 2  1 . 
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Most of the papers  which have appeared  that  were 
concerned  with this problem  have  used the collisionless 
Boltzmann  equation  and  Poisson's  equation to get a  disper- 
sion  relation  which was then solved for certain  conditions 
to determine onset of instability.  Typical  assumptions  are 
to neglect  collisions  and  boundary  effects. 
Penrose [43] used  this  approach to derive  general 
conditions  for  instability of uniform  non-Maxwellian  plas- 
mas. As an  application of his  work  he  deduced  that  electro- 
static  instabilities  begin  with  very  small  relative  drift 
velocities  if T, <<  T-. 
E. Jackson [ 4 4 1  used  the  same  approach  to  obtain 
maximum  growth  rate of the  instability  as  a  function  of 
perturbing  wavelength  and  the  critical  drift  velocity  as  a 
function of the  particle  temperature  ratios.  Again  he  neg- 
lected  collisional  processes,  boundary  effects and  external.- 
ly applied  fields.  He  found  that  the  growth  rate  of  long 
wavelength  perturbations  increases  slowly as tlle d r i f t  
velocity  increases  beyond  the critical. velocity, and the 
drift  velocity  necessary to excite  instabil ity decrcases 
with  increase  in  the  ratio T-/T+. 
Vedenov [ 51, pages 19-21] has me1l t  i C ) I I C C ~  t11.11 1 1 1 ~ >  
lowest  wave  phase ve1oci.t.y i n  a plasnla (oCher t11a11 pu1-t'ly 
acoustic  effects)  helongs to longitudinal i o 1 1  o s c i l l a t i o l ~ s  
or ionic  sound. U n d e r  t l ~ e  assunl~~tio11 t11;l.t 'l'-/rl', > >  1 t l ~ i  5 
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phase  velocity is given  by [ 4 5 1  
(111-8) 
where y, reflects the adiabatic  nature of the  oscillations, 
k  is  Boltzmann's  constant, T- is electron  temperature  and 
M+ is the ion  mass.  According to Vedenov  and  the  other 
authors  mentioned above, the onset of instability  should 
occur  when  the  drift  velocity of electrons  (assuming the 
ions  are  stationary)  passes  through  a  critical  value  close 
to the  ionic  sound  phase  velocity. 
Kadomtsev [52, page 6 8 1  has  noted  that  as  the  drift 
velocity Vd increases  above  v the possibility of exciting 
oblique  waves  increases. This can lead  to  beats  between 
waves  with wave numbers of about the same  size  and  the 
plasma  will  take up a  steady-state of weak  turbulence. 
Ph 
Petviashvili [ 4 8 ]  has deduced the amplitude  distri- 
bution  for  the  oscillations  using  nonlinear  equations of 
Uedospasov [ 5 3 ] .  (This  author  has  not  been  able  to  secure 
a copy of Medospasov's paper.) Petvi-ashvili  deduced  that 
the  spectrum  should be proportional. to l/w if vin<w<w 
where vin is  the  collision  frequency  between  ions  and  neu- 
trals and  uoi is the  ionic  plasma  frequency. 
oi 
In  sumrnariziny t h e  literature  available on this 
t y p e  instability, two general  conditions for instability may 
Le y j  V C : I I .  T h e  drift v e l c j c i t y  of electrons  must be greater 
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than the phase  velocity  of  ionic  sound  and - >> 1. How- 
ever, since  radial  motion  of  ions  and  electrons,  coll.ision 
T- 
T+ 
effects,  and  finite  size of the plasma were not considered 
in the  theoretical  developments, it is  not  clear  whether 
these  conditions  are  sufficient o insure  excitation of 
ionic  sound or not [16]. Montgomery  and  Tidman [54, page 
vi]  have  made  a  statement  concerning  plasma  physics  which 
summarizes the present  state of development  pertaining to 
this  instability. 
. . . there is so far  very  little  overlap  in 
plasma  physics  between  accurately  measurable  and 
accurately  calculable  quantities. The experimen- 
talist  becomes  entangled  with  situation-dependent 
parameters--percentage of impurities,  details of 
vacuum  systems--while  the  theoretician  concentrates 
on one-dimensional,  unbounded,  and  otherwise  highly 
idealized  situations, so that  opportunities  for 
comparing  results  have  been  regrettably  few. 
The statement was made  in  1964 and is  certainly  applicable 
to this  particular  problem. 
A simple  calculation  shows  that vd > v  for  a Ph 
typical set of conditions  found  in  the  experiments of
Section I1 of this  Chapter. The Equations  needed  are 
J = n-qvd, (111-8) and J = I1,@ . Numerical  values  to  be 
used  are n- = 8 x 10" electrons/cm3  (see  page  79) ,
q = 1.6 x 10 -19 coul, I = 15  x 10 amps,  d = 0.25 cm, 
y- = 5/3, T- = 6.5 x 1040K  and M+ = 6.692 x gms. 
Using  these  values,  vd = 2.39 x lo7 cm/sec  and  v = 
1.5 x lo6  cm/sec. Thus vd > v  by  an  order of magnitude 
using  the  approximate  numerical  values  given  above. 
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The condition TJT, >>  1 is also  satisfied since. T+ is prob- 
ably no larger  than 500°K as compared to 6.5 x 104"K  for 
the  electrons. 
On the  basis  of  the  preceding  literature  survey  and 
calculation it was decided to obtain  the  necessary data to 
compare  v  and vd as  a  function of pressure  and  thereby 
determine  if  this was the  dominant  factor  in  determining 
onset  of  oscillations. 
Ph 
The determination  of  v  as  a  function  of  pressure 
Ph 
requires  the  determination  of T- as a  function of pressure. 
The electron  temperature  for  a  discharge  is  determined  pri- 
marily by the  gases  used  and  the  product pd, where  p  is  the 
total  pressure  and  d  is  the  tube  diameter [ 2 7 ,  page  1171. 
Stated  another way, the electron  temperature is independent 
of  the  current  through  the  discharge or the  plasma  density 
[551. 
To determine  the  electron  temperature  in  the  labora- 
tory  would  have  required  the  use of one of several  plasma 
diagnostic  techniques [561 with  their  associated  difficul- 
ties. A  survey of the  literature  revealed  that  two  papers 
were  available  which  gave  electron  temperature as a  function 
of pd for  He-Ne  laser  gas  mixtures.  Labuda  and  Gordon  [39] 
used  microwave  techniques to determine T -  for  a  He-Ne ratio 
of 5:l. Young  [55]  used  an  approach  developed  by Dorgela, 
Alting  and  Boers  (referenced  in  Young's  paper)  to  calculate 
the  electron  temperature  as  a  function  of pd and  the  He-Ne 
pressure  ratio.  Young's  calculated  values  for  a  pressure 
ratio of 5:l agree with Labuda  and  Gordon's  measured  values 
within 6 per cent. 
Using  Young's data for  a  pressure ratio of 4:1, 
Figure 3 4  was plotted to show T- as a  function of p  for 
three  different  diameter  tubes. These data were used to 
calculate  v  Figure 35 gives  curves of v  as  a  function 
of pressure. 
Ph Ph 
The drift velocity Vd is a  function of the  axial 
electric  field E as well  as the total  pressure  and  type of 
gas  [26,  pages  122-1271.  Normally Vd is  presented  graphi- 
cally as a  function of E/p, the  "reduced"  field. 
Anderson [ 5 7 ]  has  made  an  extensive  study of the 
variation  of Vd with E/p in  a  number of gases. Two of 
those  he  studied were He  and Ne. His  data  show  that  for  a 
given  value of E/p,  Vd may  be 30 per cent higher  in  pure 
Ne  than  in  pure He. Since  the  pressure  ratio He:Ne was 4:l 
in  this study, it was decided to measure E/p and  use  the 
value of Vd for  pure  He  from  Anderson's  data.  If  the  true 
value  of Vd lies  between  that  for  pure  He  and  pure  Ne  and 
is  proportional  to the gas  percentages  [27,  page 1841, then 
the  error  introduced  should  be no more  than 6 per  cent. 
Further, the  error  introduced  should  be  conservative  since 
vd is typically  lower  for  He than' for Ne. 
Measurement of E/p was accomplished  by  inserting 
Langmuir  probes  in  three  different  diameter ubes. 
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Figure 34.  Electron  temperature as a function of 
pressure. 
Source: R. T.  Young,  "Calculation of Average 
Electron  Energies  in  Be-Ne  Discharges,"  Journal of Applied 
Physics 3 6 : 2 3 2 4 ,  July, 1 3 6 5 .  
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Pressure  in  Torr. 
Figure 35. Acoustic  ion wave phase  Velocity as a 
function of pressure. 
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Figure 36 gives  a  diagram  showing  details of probe  place- 
ment. The voltage  between two probes was measuked  with a 
meter  having lo7 ohms impedance. This value of voltage was 
divided  by the distance  between  probes to give the axial 
electric  field  in volts/cm. This number was divided  by 
total  pressure in Torr to give E/p in volts/cm/Torr. 
Figures  37  and  38  give  curves of E/p as  a  function of pres- 
sure  for  two  different  values  of dc current. These curves 
show  that E/p is only  minimally  affected  by  discharge  cur- 
rent. 
Using  the  data  of  Figure  37  and  Anderson's data, 
drift  velocity as a  function  of  pressure was obtained  and 
plotted  in  Figure 39. A comparison of these  data  with 
Figure 35 shows  that  vd > v at all  operating  points. 
This means that the loose conrlition for  instability Vd > v 
is  satisfied in cases  where  the  noise  is  present  and  also 
where  noise is not  present.  Therefore, it must  be  con- 
cluded  that vd > v is  not  the  only  criterion  which  deter- 
mines  onset of plasma  noise. This is not a  great  surprise 
since  this  criterion  does  not  include  any  factors  for 
losses or for  charged  particle-neutral  ccllisions.  However, 
the  data  above  are  significant  in tha.t they  show  that one 
condition is fulfilled  which  can  explain  noise  growth  in 
the positive  column. 
Ph 
Ph 
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The  effect of collisions  should  be  reflected  in  the 
data of noise as a  function  of  pressure.  Vedenov [51, page 
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Figure 36. Details of Langmuir  probe  placement. 
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201 has  pointed out that in a weakly  ionized  gas  the  condi- 
tions for exciting  ionic  sound will depend  upon  whether  the 
energy  transfer  from  electrons to the  wave  is  greater  than 
the  energy  transfer  from the ions to the  neutral  particles 
through  collisions.  If a hard  sphere  model  is  assumed for 
ion-neutral collisions, then  the  ion-neutral  collision  fre- 
quency  should  increase  as the pressure  increases and  con- 
sequently  the  damping of ionic  sound  should  also  increase 
as  the  pressure  increases. 
A consideration  of  the data of Figure 21, page 54, 
shows  that  essentially  the  opposite  effect  is  actually  ob- 
served. As the  pressure  is  increased,  it  becomes  easier 
to excite  the  noise. 
It  is  instructive  at  this  point to return  to  state- 
ment  number 1, page 66. The  suggestion was made  there  that 
increasing  current and increasing  pressure  may  have a com- 
mon  effect  which  leads to onset of noise.  Use  of  the  drift 
velocity  data  will show that  such a possibility  does  exist. 
Labuda and Gordon [ 3 9 1  have  shown  that  increasing 
the current linearly  increases  the  electron  density  in  the 
positive  column. The data of  Figures 3 7  and 38,  pages 9 2  
and 93 ,  show  that E/p (and  consequently vd) does  not  change 
appreciably  with  current.  Thus it  may  be  concluded  that 
increasing  the  current  only  increases  the  charged  particle 
density  in  the  positive  column. 
If  the  equation J = n-qvd  is  considered again, some 
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insight can be  gained  into the effect  of  increasing  pres- 
sure  upon  electron  density. This equation  shows that for a 
fixed  current,  variation  in  v  must be accompanied  by the d 
same magnitude  variation  in n,. Figure 3 9 ,  page 9 4 ,  shows 
that Vd decreases as pressure is increased. Therefore, if 
n- were plotted  as  a  function of pressure,  it  would show an 
increase  of  the  same  magnitude.  Increasing  current  and  in- 
creasing  pressure have at  least  one  thing  in  common--they 
both  cause an increase  in  charged  particle  density  in  the 
plasma. 
This suggests  that  a  critical  value  of  charge  den- 
sity  may  be  necessary for onset of noise. If this  interpre- 
tation were correct, then  there  should be a  value  of  n- for 
threshold of noise  that  would be constant  when  plotted 
against  pressure. For this to be  true  the  slope  of  the 
curve  for Vd as  a  function  of  pressure  (Figure 3 9 )  would 
have to be  the  same  as the slope  of the curve  for  thres- 
hold  current  for  onset  of  noise  as  a  function  of  pressure 
(Figure 21, page 54). Comparison  of  these two figures 
shows that the  slopes  are not the  same. Therefore, it was 
expected  that n, at noise  threshold  would  show  some small 
pressure  dependence. 
The equation J = n-qvd,  threshold  current data from 
Figure 21 and drift  velocity data from  Figure 39 were  used 
to calculate n- for the currents  corresponding to onset of 
noise  for  the 2.5 mm tube.  n- was  found to exhibit  a 3 6 . 9  
per cent decrease  from  p = 1.82 Torr to p = 2.55 Torr. 
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It was noted that the  Debye  length,  another  basic 
parameter  of  the  plasma  which  is  related o electron  densi- 
ty, should  be  even  more  nearly  constant  as a function.of 
pressure. This is because  the Debye length  given by 
(111-9) 
is  also a function of electron  temperature.  Figure 3 4 ,  
page 88, shows  that  electron  temperature  decreases  as a 
function  of  pressure. The electron  temperature  data  of 
Figure 34 and the  electron  densities  calculated  above  were 
used  to  calculate  the  Debye  length at noise  threshold  for 
the 2.5 mm tube. Table I gives  the  results.  There  is a 
17.5 per cent increase  in  the  Debye  length  from p = 1.82 
Torr to p = 2.55 Torr. 
This variation  must  be  regarded  as  more  significant 
than  fortuitous  circumstance. In  fact  precise  laboratory 
determination of all  the  parameters  involved  might  show 
closer  agreement  than  in  this  study  where  .some  data  have 
necessarily  come  from  the  literature. 
A review  of  the  papers  dealing  with  theoretical 
treatment  of  the  excitation  of  ionic  sound  did  not  show 
an  explicit  dependence  upon  charged  particle  density. 
Vedenov  [51]  and  Kadomtsev  [52]  have  both  noted  that  the 
ionic  sound  should  first  be  excited  at  higher  frequencies 
and  change  into  turbulence  as v >> v d Ph' . 
TABLE I 
ELECTRON  DENSITY AND DEBYE  LENGTH AT NOISE 
THRESHOLD FOR A 2 . 5  ~II‘I TUBE 
1 . 8 2   1 8 . 5 1.1 x 1 0 7  2 .14  x . 0 3 8 8  
2 . 1 0   1 4 . 0  1 . 0  x 1 0  1 .79  x 10” . 0 4 1 5  
2 . 3 0  1 1 . 0  . 8 2  x 1 0  1.53 x 1 0  . 0 4 4 0  
2 . 5 5  8.7 . 9 2  x 1 0  1.35 x 10” . 0 4 5 6  
11 
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It has been  noted in this  study  and a related  effort 
[ 5 8 ]  that the discharge  exhibits  three  regions of operation: 
(1) a low  noise  region (low pressure,  low  current) , ( 2 )  a 
region  (higher  pressure or higher  current)  where  the  promi- 
nent  noise is a striation  oscillation  with a frequency 
around 5 x lo5 Hz and ( 3 )  a region  (still  higher  pressure 
or higher  current) of excess  low  frequency  noise  where  the 
striation  oscillations  have  effectively  disappeared. The 
phase  velocity of the  striations has been  determined to be 
close  to  that of ionic  sound [ 59 ,  601 .  It  seems  qualita- 
tively  logical  that  the  randomization f the  coherent  stri- 
ation  oscillations  should  be  proportional  to  the  collisions 
of  the  charged  particles  with  the  neutrals.  The  total  num- 
ber of collisions will increase  with  increase  in  pressure 
or current. 
99 
CHAPTER IV 
DESIGN  CONSIDERATIONS 
The purpose  of  this Chapter is  to present some sim- 
ple  examples to indicate  the  utility  and  necessity  of  the 
research  presented  in  Chapters I1 and  111. The design  of 
a given  laser  involves  compromises  among  many  constraints. 
The performance  parameters  such  as output power,  reliabili- 
ty, lifetime,  efficiency,  coherence  length  and  noise  are 
determined  by  the  engineering design parameters  of  pres- 
sure, plasma  tube  dimensions,  discharge  current and wall 
temperature. 
As a first  example  consider  the  design of a stable 
He-Ne  laser  for  typical  laboratory use. From  practical 
considerations  the  bore  diameter  should be kept as  small 
as is  consistent  with  the  cavity  [ll,  page 591. This 
implies  that  the  laser  will  operate  at a higher  pressure 
since pd = 3 Torr-mm approximately  for  optimum  gain [61]. 
Thus  the  current  would  have to be reduced to avoid  plasma 
noise.  However,  many  commercial  lasers  operate at pres- 
sures  higher  than  optimum  (private  communication  from a 
representative  of a laser  manufacturing  firm)  in  order to
minimize  gas  impurity  problems.  Reduction  in  discharge 
current  under  higher  pressure  conditions  means loss in  out- 
put  power of the laser. Thus the  designer  must  bear  in 
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mind that increasing  length,  pressure  or  tube  diameter  low- 
ers the noise threshold.  Decreasing the  wall temperature 
also lowers the noise  threshold. 
Several  commercial  laboratory  lasers  were  examined 
to determine if they  exhibited  plasma  noise. Two University 
Laboratories  Model 240 lasers  were  checked  and  were  found 
to  exhibit  plasma  noise at normal  operating  currents. A 
Spectra-Physics  Model  130C was tested  and was found to ex- 
hibit plasma  noise  at a discharge  current  of  about 25 mA 
as  compared to its  normal  operating current’of about 8 mA. 
Two h nu  hot  cathode  lasers  were  tested an were  found to 
exhibit  plasma  noise at currents  of  about 17 mA. They  also 
exhibited  plasma  noise  when  operating  as  cold  cathode  de- 
vices. Two custom built C 0 2  lasers  were  checked  and  ten- 
tatively  found to exhibit  plasma  noise.  Thus  designers of 
some  commercial  lasers  have  considered  minimizing  noise 
whereas  others  have not. 
As a second  example  consider  the  design of a space 
qualified  laser €or a communications  system  or  for  atmos- 
pheric  propagation  studies.  In  this  instance a dc feed- 
back  loop  would  probably be included to stabilize  the in- 
tensity  against  long  term  fluctuations  or  drifts.  Chapter 
I1 has  shown that.noise reduction  out to several kHz can  be 
achieved  through  conventional  feedback  techniques.  In  ap- 
plying  feedback  the  designer  would  choose  lower  pressure 
since the  transfer  function  exhibits  less  resonance  effects 
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at  lower  pressure  and also the discharge  is  less noisy. 
However, this gives  lower  power  output  and  shorter  lifetime 
for  the  plasma  tube [ 8 1 .  
The application of feedback  would  also  involve 
trade-offs in the associated  electronics.  With  a  stable 
control  loop  the  power  supply  for  the  laser  can  be  much 
simpler;  however,  the  control  circuitry  would  have  added 
complexity.  It  should  also  be  noted  that  feedback  places 
stringent  requirements on the  photodetector  and  its  asso- 
ciated  amplifier. 
As a  third  example  consider  the  design  of  a  space-, 
qualified  laser  without  feedback. The same  general  consid- 
erations as mentioned  for the first  example  apply. In ad- 
dition  special  consideration  must  be  given to the wall 
temperature of the  plasma tube. It was  shown in Chapter I1 
that  higher  wall  temperature  minimized the noise  problem. 
Since  the  results of this  research are expected to apply to 
plasma  lasers  in  general  and to the C 0 2  device  in  particu- 
lar, the  constraint of high  wall  temperature  is  in  conflict 
with  the  output  power  for  the C 0 2  device.  Bloom  [ll,  page 
671  has  noted  that  power  output can be  increased  by  factors 
of two to four  by  cooling  the walls from  room  temperature 
to  dry  ice  temperature. 
These examples  show  that  consideration of noise 
adds  another  constraint o laser  design. 
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CHAPTER V 
SUMMARY  AND  CONCLUSIONS 
This study  revealed  a  lack of data in the  literature 
pertaining to the plasma  parameters  which  could  be  used  for 
design of a  minimum noise laser or for understanding  the 
noise  generating  mechanisms. As a result Chapter I1 has 
presented the results of a  study  of  application of conven- 
tional  feedback  techniques  for  noise  reduction  wherein 
knowledge of noise  generation  processes was of secondary 
importance.  Using  light  feedback  a  maximum  noise  reduction 
factor of five  in  the  light was achieved  in  a  narrow  fre- 
quency band. However, no advantage was found in either 
current or light  feedback  since  both  gave  about  the  same 
magnitude of noise  reduction. 
The lack of at  least  an  order of magnitude  noise 
reduction  from  the  research  of  Chapter I1 led  to  a  study 
of  noise  generation  mechanisms  in  Chapter 111. A signifi- 
cant amount of experimental  data  showing  functional  rela- 
tionships  between the noise  and  discharge  parameters  are 
reported  in  Sections  I  and I1  of Chapter 111. These  data 
show that  the  threshold  current  for  onset  of  noise  obeys  a 
relationship of the form I = De 6p, where D and 6 are th 
constants  and  p is the  total  pressure.  It was also  found 
that  increasing  the  neutral  gas  temperature  minimizcd  the 
- 
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amount of noise  present.  Variation of the noise amplitude 
along  the  discharge  tube was measured  and it  was found  that 
the amplitude was largest at the anode end. 
These data were interpreted as suggesting that the 
positive  column was the most  important  region  of  the  dis- 
charge  in  determining  its  noise  characteristics.  In order 
to test  this  interpretation  additional  experiments were 
performed  using  different  discharge  tube  configurations. 
All the data that were  obtained  supported the interpreta- 
tion  given  above. 
Additional  study of possible  noise  generating  mech- 
anisms  in  the  positive  column  revealed that the  electron 
drift  velocity  exceeds  the  phase  velocity  for  ionic  sound. 
This satisfied one condition  for  instability.  However, it 
was found that a  critical  value of Debye length was neces- 
sary  for  onset of noise. This supports the conclusion  that 
the noise  is  a  collective  oscillation  that  can  only  exist 
if coulomb  interactions  are  sufficiently  strong. 
Chapter IV presents  simple  design  examples  which 
illustrate  applicati-on of the  data of Chapters I1 and 111. 
It sho111d he noted that  the  work  reported  herein s appli- 
cable  to other p1.asma lasers,  particularly  the  He-N2-C02 
devj.ce.  Based on the data of this  study it i,s anticipated 
that thsl C02 l a s e r  wi1.1 exhihi-t  noise  over j.ts entire  oper- 
a t i n g  r a n y c ?  since t h c  principal  gas  used js He with a total 
p r f < F < % l J r € 2  f,f ahol l t  6 ?'err. 
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